The central canal of the adult mammalian spinal cord is lined by a layer of ependymal cells, which are located at the interface between the parenchyma and the central canal. Ependymal cells serve important sensory and mechanical functions, including signal transduction, movement of cerebral spinal fluid (CSF), and insulation of neural tissues from damaging substances ([@r1], [@r2]). Recent studies have suggested that adult ependymal cells are progenitors that can act as latent neural stem cells ([@r3][@r4][@r5][@r6][@r7]--[@r8]). Among the cell types within the adult spinal cord, ependymal cells are unique in their capacity for proliferation and renewal during homeostasis and in their multipotency both in vitro and in vivo in response to injury ([@r9][@r10][@r11][@r12][@r13][@r14][@r15]--[@r16]). In response to certain injuries, ependymal cells generate oligodendrocytes and astrocytes that contribute to glial scar formation ([@r14][@r15][@r16]--[@r17]). In contrast to ependymal cells in the forebrain, ependymal cells in the spinal cord can self-renew and are not depleted during an injury response. Despite their functional importance, very little is known about the molecular mechanisms underlying ependymal cell formation and regulation.

Neuroepithelial and radial glial cells are the main neural progenitors at different stages of embryonic spinal cord development. Both cell types line the ventricular lumen and have a distinct radial morphology ([@r18]). Their cell bodies are located in the ventricular zone and their processes radiate from the ventricle to the pial surface. Neuroepithelial cells are the earliest precursors and are present before the onset of neurogenesis. They give rise to radial glial cells, which then become the predominant progenitors during gliogenesis ([@r19], [@r20]). Eventually, ependymal cells are formed as the ventricle and the ventricular zone retract through the process of obliteration. This process is accompanied by terminal differentiation and exit of radial glial cells from the ventricular zone ([@r18], [@r19], [@r21][@r22][@r23]--[@r24]).

Compared with our knowledge about ependymal cells in the brain, little is known about the cellular origin of spinal cord ependymal cells. It has been shown that ependymal cells in the brain are derived from radial glial cells; however, a similar lineage relationship has not been definitively established in the spinal cord ([@r25]). Furthermore, the regional identities of the neural progenitor cells that give rise to spinal cord ependymal cells remain unclear. Neural progenitors from distinct domains along the dorsal--ventral axis in the developing spinal cord give rise to distinct subclasses of neurons and glial cells, but it remains unknown whether progenitors from all domains or only a subset of them generate ependymal cells ([@r26][@r27][@r28]--[@r29]). Based on their selective expression of ventral progenitor markers, it has been suggested that ependymal cells are derived exclusively from ventral neural progenitors; however, without genetic lineage tracing, this hypothesis has not been directly proven ([@r23]).

Wnt signaling has been shown to regulate neural progenitor cells in the developing spinal cord. During the early embryonic stages, Wnt ligands, specifically Wnt1 and Wnt3a, are secreted from the dorsal roof plate and act as mitogenic signals by promoting proliferation and inhibiting differentiation of ventricular neural progenitor cells ([@r30][@r31][@r32][@r33][@r34]--[@r35]). The dorsal source of Wnts also patterns the developing spinal cord through the specification of dorsal cell fates ([@r36][@r37][@r38]--[@r39]). However, the regional distribution of Wnt-responsive neural progenitor cells at major stages of spinal cord development has not been characterized. The role of Wnt signaling on ventricular neural progenitor cells during late embryonic stages also remains unclear.

In this study, we have systematically characterized Wnt-responsive progenitor cells throughout spinal cord development, showing that they are restricted to the dorsal midline, and give rise to dorsal ependymal cells in a spatially restricted pattern. Using genetic lineage tracing, we revealed the developmental origin of spinal cord ependymal cells. Our findings are contrary to previous reports that pointed to an exclusively ventral origin of ependymal cells, suggesting that ependymal cells may retain positional identities in relation to their neural progenitors, a pattern that is strikingly similar to the established segmental template model of astrocyte generation. Furthermore, we demonstrated that in the postnatal and adult spinal cord, ependymal cells continue to exhibit Wnt/β-catenin signaling activity, which interestingly, no longer follows a spatially restricted pattern. In fact, all ependymal cells in the postnatal and adult spinal cord express the Wnt/β-catenin signaling target gene *Axin2*, as well as Wnt ligands. Using conditional knockout animals, we further demonstrated that Wnt/β-catenin signaling is required for ependymal cell proliferation and maintenance.

Results {#s1}
=======

Wnt-Responsive Neural Progenitor Cells Give Rise to Ependymal Cells. {#s2}
--------------------------------------------------------------------

We began by identifying Wnt-responsive cells during the various stages of spinal cord development. *Axin2* is regarded as a universal target gene of Wnt/β-catenin signaling, and its expression is used as a marker for pathway activity. We therefore examined Axin2-LacZ reporter embryos at the beginning of neurogenesis \[embryonic day 10.5 (E10.5)\] and at the time when the ventricular zone becomes the ependymal layer (E17.5) ([@r22]). In E10.5 embryos, we observed LacZ signal near the roof plate at the dorsal midline of the developing neural tube ([Fig. 1*A*](#fig01){ref-type="fig"}, arrow). In E17.5 embryos, the ventricle has undergone obliteration and reduced to a ring. LacZ signal was detected along the dorsal midline above the ventricle ([Fig. 1*B*](#fig01){ref-type="fig"}, arrows). Consistent with this observation, the Wnt/β-catenin signaling reporter line, TCF/Lef-H2B:GFP, also showed active Wnt/β-catenin signaling along the dorsal midline and above the ventricle at E17.5 ([Fig. 1*C*](#fig01){ref-type="fig"}, arrow). These results demonstrate that Wnt-responsive cells reside along the dorsal midline at both early and late stages of spinal cord development.

![Dorsal midline neural progenitor cells are Wnt responsive throughout spinal cord development. (*A*) Histologic X-gal stained sections of spinal cord from E10.5 Axin2-LacZ mice counterstained with Nuclear Fast Red. Arrow indicates Axin2-LacZ^+^ cells. (*B*) Histologic X-gal stained sections of spinal cord from E17.5 Axin2-LacZ mice counterstained with Nuclear Fast Red. Axin2-LacZ^+^ cells concentrate along the dorsal midline. Arrow indicates Axin2-LacZ^+^ cells. (*C*) The central canal of the spinal cord from E17.5 TCF/Lef:H2B-GFP. GFP^+^ cells concentrate along the dorsal midline. Dotted line outlines the central canal. Asterisk indicates the gap at the dorsalmost portion. (*D*) Cross-sectional image of Axin2^CreERT2/+^; Rosa26^mTmG/+^ spinal cord labeled at E8.5 and analyzed at E10.5. Axin2^CreERT2^ marks dorsal midline neuroepithelial cells. Arrow indicates GFP^+^ neuroepithelial cells. Arrowheads indicate GFP^+^ neural crest cells. (*E* and *F*) Cross-sectional images of Axin2^CreERT2/+^; Rosa26^mTmG/+^ spinal cord labeled at E12.5 and analyzed at E14.5 (*E*), or labeled at E14.5 and analyzed at E16.5 (*F*). GFP^+^ radial glial cells span the entire dorsal midline. (*G*) Dorsal midline radial glial cells retain radial processes that span the entire length from the central canal to the dorsal pial surface and are labeled with GFP upon tamoxifen administration at E17.5. (*H*) GFP^+^ radial glial cells labeled at E17.5 and analyzed at P0 express Vimentin. (Scale bar, 50 µm.)](pnas.1803297115fig01){#fig01}

To examine the precise cellular identities of Wnt-responsive cells in the developing spinal cord, we crossed Axin2^CreERT2^ mice with the Rosa26^mTmG^ reporter strain to pulse label Wnt-responsive cells at various time points---E8.5--E10.5, E12.5--E14.5, and E17.5--postnatal day 0 (P0)---corresponding to the presence of the types of predominant neural progenitors at each time point ([@r40], [@r41]). In Axin2^CreERT2/+^; Rosa26^mTmG/+^ mice, a small subset of Axin2^+^ cells are stochastically labeled with membrane GFP upon low-dose tamoxifen administration and induction of Cre activity ([@r42], [@r43]). We first administered low-dose tamoxifen to pregnant females bearing Axin2^CreERT2/+^; Rosa26^mTmG/+^ embryos at E8.5. Two days after tamoxifen administration (E10.5), embryos were examined for the presence of GFP^+^ cells. During this time window, neuroepithelial cells are the predominant neural progenitor cells ([@r18]). We detected GFP^+^ neuroepithelial cells by their characteristic radial morphology near the roof plate along the midline of the developing spinal cord ([Fig. 1*D*](#fig01){ref-type="fig"}, arrow). In addition, GFP^+^ cells within the neural crest population were also detected based on their morphology and location ([Fig. 1*D*](#fig01){ref-type="fig"}, arrowhead). Thus, Axin2^CreERT2^ marks dorsal midline neuroepithelial cells in the early spinal cord. This expression pattern of the pathway target gene *Axin2* corresponds to the spatially restricted expression of the Wnt ligands, Wnt1 and Wnt3a, at the dorsal midline, as reported previously ([@r30], [@r31]).

Subsequently, tamoxifen was administered at E12.5, and embryos were analyzed at E14.5. At this time, the ventricle is reduced in size along with an increase in the distance between the ventricle and the dorsal pial surface. At this stage, radial glial cells have become the predominant neural progenitor cell population ([@r19]). Interestingly, we detected GFP^+^ radial glial cells that spanned the entire dorsal midline ([Fig. 1*E*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)) as indicated by their morphology. Additional Wnt-responsive cells in the gray matter were also labeled, which are likely differentiated glial cells. When we administered tamoxifen at E14.5, and analyzed the embryos at E16.5, we found that dorsal midline radial glial cells remained Wnt responsive ([Fig. 1*F*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)). Their processes have further elongated to accompany the continued reduction of the ventricle. Interestingly, it has been reported that by E16, the majority of the radial glial cells have undergone terminal differentiation, while those that remain exhibit a "cruciform" pattern, concentrating only along the dorsal midline and horizontally along the lateral midline ([@r18]). Our findings thus suggest that only the remaining radial glial cells along the dorsal midline, and not those along the lateral midline, in E16.5 spinal cords correlate with active Wnt signaling.

It has been shown that the dorsal midline radial glial cells still retain their radial glial morphology at P0, while the majority of the radial glial cells have lost their processes and undergone terminal differentiation ([@r18]). When we administered tamoxifen at E17.5, and analyzed newborn mice at P0, we found that these dorsal midline radial glial cells (as shown by cytoplasmic Vimentin staining) remained Wnt-responsive ([Fig. 1 *G* and *H*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)). A number of Wnt-responsive fibrous and protoplasmic astrocytes in the white matter and gray matter were also observed. In P0 spinal cords, the ventricle is reduced to a ring and will be referred to hereafter as the central canal. The central canal becomes lined by ependymal cells, except dorsally, where a gap remains ([@r22], [@r44]). Interestingly, the cell bodies of Wnt-responsive radial glial cells were found above the gap ([Fig. 1*H*](#fig01){ref-type="fig"}, arrowhead), while their processes span the entire length from the central canal to the dorsal pial surface ([Fig. 1 *G* and *H*](#fig01){ref-type="fig"}). Even though the phenomenon of a gap at the dorsalmost portion of the central canal when it is first formed has been observed previously, its functional significance has not been characterized. This phenomenon will be further discussed in the following paragraphs. The above results from pulse labeling Wnt-responsive cells at various time points collectively suggest that dorsal midline neural progenitor cells are Wnt responsive throughout spinal cord development.

To directly test whether Wnt-responsive neural progenitors are related to mature ependymal cells, we followed the fate of Wnt-responsive neuroepithelial cells and radial glial cells by injecting tamoxifen into pregnant females bearing Axin2^CreERT2/+^; Rosa26^mTmG/+^ embryos at the same time points as shown above ([Fig. 1](#fig01){ref-type="fig"}) and traced them into postnatal stages. This allows us to investigate whether the labeled Axin2^+^ progenitor cells give rise to mature ependymal cells. We first injected tamoxifen into pregnant females bearing Axin2^CreERT2/+^; Rosa26^mTmG/+^ embryos at E8.5 and allowed their progenies to develop until P14 ([Fig. 2*A*](#fig02){ref-type="fig"}). As shown in [Fig. 1*D*](#fig01){ref-type="fig"}, Wnt-responsive neuroepithelial cells found at E8.5 are located near the roof plate along the midline of the developing spinal cord and are sparsely labeled upon low dose of tamoxifen administration. Upon tracing to P14, we detected GFP^+^ ependymal cells around the central canal ([Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)), indicating that Wnt-responsive neuroepithelial cells give rise to ependymal cells. Next, we labeled a subset of Wnt-responsive radial glial cells found at E14.5 with tamoxifen injection (as shown in [Fig. 1*F*](#fig01){ref-type="fig"}) and analyzed the spinal cords at P14. GFP^+^ ependymal cells were again detected around the central canal ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)).

![Wnt-responsive neural progenitor cells give rise to ependymal cells. (*A*) Timeline for the lineage tracing experiments. (*B*) Wnt-responsive dorsal neuroepithelial cells labeled at E8.5 generate dorsal ependymal cells when analyzed at P14. (*C*) Wnt-responsive radial glial cells labeled at E14.5 generate ependymal cells when analyzed at P14. (*D*) Wnt-responsive radial glial cells labeled at E17.5 transform into ependymal cells by P4. (*E*) Wnt-responsive radial glial cells labeled at E17.5 transform into adult ependymal cells that persist for an extended period of time. (*F*) Quantification of labeled dorsal versus ventral cells upon tracing from embryonic stages (total number of traced animals = 6, *P* \< 0.0001). (Scale bar, 50 µm.)](pnas.1803297115fig02){#fig02}

To further examine the transition from radial glial cells to ependymal cells, we proceeded to label a subset of Wnt-responsive radial glial cells at E17.5 (as shown in [Fig. 1 *G* and *H*](#fig01){ref-type="fig"}), and analyzed the spinal cords at P4. Labeled cells gave rise to dorsal ependymal cells that retained prominent radial processes which extended toward the dorsal pial surface ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)) and filled in the remaining gap of the central canal that was observed at P0. This result suggests a direct transformation from radial glial cells to ependymal cells. Furthermore, the morphology of these newly generated ependymal cells is consistent with that of radial ependymal cells, which are most often found at the dorsal and ventral poles ([@r13]). Finally, when dorsal midline radial glial cells marked at E17.5 were traced out well into adulthood (P90), we again observed labeled ependymal cells, suggesting that radial glial cells at the dorsal midline give rise to ependymal cells that persist for an extended period of time in the adult spinal cord ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803297115/-/DCSupplemental)). Quantification of the percentage of labeled cells that were found at dorsal versus ventral portion of the central canal when traced from the above embryonic stages shows that labeled dorsal midline neural progenitors give rise primarily to dorsal ependymal cells ([Fig. 2*F*](#fig02){ref-type="fig"}). Our findings thus demonstrate that, contrary to previous reports that suggested an exclusively ventral origin of ependymal cells ([@r23], [@r45]), dorsal midline neural progenitors also give rise to ependymal cells and notably do so in a spatially restricted manner. This suggests that ependymal cells may retain positional identities in relation to their neural progenitors. Furthermore, our results reveal that the cell bodies of the dorsal midline radial glial cells are the last to be integrated into the ependymal layer, which occurs in the first postnatal week.

Our combined results indicate that Wnt signaling is selectively activated in neural progenitor cells at the dorsal midline during all major developmental stages. In particular, Wnt-responsive radial glial cells persist into the first postnatal week before giving rise to dorsal pole ependymal cells that retain prominent radial processes, highlighting a unique cellular origin of radial ependymal cells. Radial ependymal cells at the dorsal pole are generated last among all ependymal cells, consistent with previous findings that the generation of ependymal cells in the lateral ventricles of the brain followed a ventral-to-dorsal direction ([@r25]). Previous reports hypothesize an exclusively ventral origin of ependymal cells; our findings demonstrate that dorsal neural progenitors give rise to dorsal ependymal cells, suggesting that ependymal cells may retain positional identities in relation to their neural progenitors. This pattern of ependymal cell generation is strikingly similar to the established segmental template model of astrocyte generation, where astrocytes are allocated to particular spatial domains following a segmental template in accordance with their embryonic sites of origin in the ventricular zone ([@r29], [@r46], [@r47]).

Ependymal Cells Are Wnt Responsive and Wnt Producing in the Postnatal and Adult Spinal Cord. {#s3}
--------------------------------------------------------------------------------------------

We have shown that Wnt-responsive neural progenitors give rise to ependymal cells; however, whether ependymal cells continue to exhibit Wnt/β-catenin signaling activity in the postnatal and adult spinal cord is not known. We first analyzed Axin2-LacZ reporter mice at P4 and detected LacZ signal in cells lining the central canal ([Fig. 3*A*](#fig03){ref-type="fig"}). To pinpoint these Axin2^+^ cells, we marked a subset of these cells by administering tamoxifen to Axin2^CreERT2/+^; Rosa26^mTmG/+^ mice at P4 and analyzed the spinal cord 2 d later. Labeled cells lining the central canal also expressed the ependymal cell marker Vimentin, suggesting that ependymal cells in the early postnatal spinal cord are Wnt responsive ([Fig. 3*B*](#fig03){ref-type="fig"}).

![Ependymal cells are Wnt responsive and Wnt producing in the postnatal and adult spinal cord. (*A*) Histologic X-gal stained sections of spinal cord from P4 Axin2-LacZ mice counterstained with Nuclear Fast Red. (*B*) Axin2^CreERT2/+^; Rosa26^mTmG/+^ spinal cord. Labeled cells at P4 express the ependymal cell marker Vimentin. Arrows indicated GFP^+^ Vimentin^+^ ependymal cells. (*C* and *D*) In situ hybridization against *Axin2*, *Wnt1*, and *Wnt3a* on spinal cord sections from P4 wild-type mice. (*E*) Histologic X-gal stained sections of spinal cord from adult (P56) Axin2-LacZ mice counterstained with Nuclear Fast Red. (*F*) Vimentin (red) staining on spinal cord sections from adult (P56) TCF/Lef:H2B-GFP mice. (*G*) In situ hybridization against *Axin2* on spinal cord sections from adult (P56) wild-type mice. (*H*--*K*) In situ hybridization against *Wnt1*, *Wnt3a*, *Wnt5a*, and *Wnt11* on spinal cord sections from adult (P56) wild-type mice. (Scale bar, 50 µm.)](pnas.1803297115fig03){#fig03}

When examining the source of Wnt ligands by double labeling in situ hybridization, we found that Axin2-expressing ependymal cells are also the source of the Wnt ligands, Wnt1 and Wnt3a, previously described as mitogenic Wnt ligands that promote neural progenitor proliferation ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}) ([@r32], [@r33], [@r36]). Thus, our results suggested that ependymal cells in the early postnatal spinal cord are both Wnt responsive and Wnt producing.

When we examined Wnt/β-catenin signaling activity in adult reporter mice, we detected LacZ signal in all ependymal cells of Axin2-LacZ animals ([Fig. 3*E*](#fig03){ref-type="fig"}) and GFP signal in ependymal cells of TCF/Lef:H2B-GFP animals ([Fig. 3*F*](#fig03){ref-type="fig"}), suggesting that Wnt/β-catenin signaling continues to be activated. Moreover, Axin2 mRNA expression was detected in all ependymal cells by in situ hybridization ([Fig. 3*G*](#fig03){ref-type="fig"}), as well as expression of *Wnt1* and *Wnt3a* ([Fig. 3 *H* and *I*](#fig03){ref-type="fig"}), in addition to *Wnt5a* and *Wnt11* ([Fig. 3 *J* and *K*](#fig03){ref-type="fig"}). Our results thus suggest that shortly after birth, ependymal cells become both Wnt responsive and Wnt producing and remain so throughout the animal's lifetime.

Dorsal Ependymal Cells Expand at a Higher Rate Under Homeostasis. {#s4}
-----------------------------------------------------------------

Previous studies have established that unlike ependymal cells at the lateral ventricles of the brain, spinal cord ependymal cells proliferate under homeostatic conditions ([@r2], [@r4], [@r13], [@r14], [@r48]) to maintain the ependyma. To further interrogate the dynamics of ependymal cell proliferation, we used a similar lineage tracing approach to examine the contribution of pulse-labeled cells to the ependyma over time.

We initiated labeling of Axin2^CreERT2/+^; Rosa26^mTmG/+^ mice at P56 and analyzed the spinal cord 2 d, 6 mo, and 1 y after ([Fig. 4*A*](#fig04){ref-type="fig"}). In the initial pulse-labeled (2 d posttamoxifen treatment) mice, singly labeled ependymal cells were observed at a low frequency in all sections examined ([Fig. 4*B*](#fig04){ref-type="fig"}). Over time, the population of labeled ependymal cells expanded into clones (defined as a cluster of similarly labeled cells) that remained in the ependymal layer ([Fig. 4 *C* and *D*](#fig04){ref-type="fig"}). This is consistent with previous observations that ependymal cells are lineage restricted during homeostasis ([@r13], [@r14]). Interestingly, we observed larger clones originating from dorsal ependymal cells compared with ventral cells, which frequently remain as single cells. Upon quantification of the number and size of clones in the dorsal versus ventral ependyma, we found that 6 mo after initial labeling, the dorsal ependyma is enriched for clones containing four or more cells, whereas the ventral ependyma contained significantly more single cells ([Fig. 4 *E* and *F*](#fig04){ref-type="fig"}). This difference was maintained 1 y after initial labeling ([Fig. 4*F*](#fig04){ref-type="fig"}), consistent with a previous report showing a higher number of Ki67^+^ cells at the dorsal pole compared with the ventral pole of the ependyma ([@r4]). Thus, our lineage tracing study shows that ependymal cells expand clonally and remain in the ependyma. Our results further highlight the heterogeneity in the proliferative potential of ependymal cells and suggest that dorsal ependymal cells expand at a higher rate than ventral ependymal cells.

![Dorsal ependymal cells expand at a higher rate under homeostasis. (*A*) Experimental schedule for the lineage tracing experiments. (*B*--*D*) Cross-sectional images of GFP (green) immunostaining and DAPI (blue) of Axin2^CreERT2/+^; Rosa26^mTmG/+^ spinal cord traced for 2 d, 6 mo, or 1 y from P56. (Scale bar, 100 um.) (*E*) Schematic of the dorsal and ventral domains used for quantification. (*F*) Dorsal versus ventral GFP^+^ clone size and number quantification of 6-mo (*Left*) and 1-y traced (*Right*) spinal cords. In each column, fractions of single cell clones, two- to three-cell clones, and four cells and above clones are represented by different colors described in the legends. *n* = 3 animals per time point.](pnas.1803297115fig04){#fig04}

Wnt/β-Catenin Signaling Is Required for Ependymal Proliferation in the Postnatal and Adult Spinal Cord. {#s5}
-------------------------------------------------------------------------------------------------------

To test the functional requirement for Wnt signaling in Axin2^+^ ependymal cells, both during postnatal growth and adult homeostasis, we conditionally deleted the β-catenin gene in Axin2-expressing cells upon tamoxifen injection either at P16 or at P56--P60 using the Axin2-Cre^ERT2/+^; B-cat ^fl/del^ mouse ([@r49]). The tissues were then analyzed at P25 or P88, respectively. The P56--P60 mice also received four doses of EdU before tissue harvest ([Fig. 5*A*](#fig05){ref-type="fig"}).

![Wnt/β-catenin signaling is required for ependymal proliferation in the postnatal and adult spinal cord. (*A* and *D*) Experimental schedule used for β-catenin conditional knockout experiments. (*B*) Representative Ki67 (red) DAPI (blue) immunostaining images of spinal cords from Axin2^CreERT2/+^; β-catenin^fl/+^ (control) and mutant Axin2^CreERT2/+^; β-catenin^fl/del^ (β-cat KO) littermates that received tamoxifen at P16. (Scale bar, 50 um.) (*C*) The percentages of Ki67^+^ ependymal cells out of total ependymal cells in control and KO animals. Control, *n* = 3; β-cat KO, *n* = 3. (*E*) Representative EdU (red) Vimentin (Yellow), and DAPI (blue) immunostaining images of spinal cords from Axin2^CreERT2/+^; β-catenin^fl/+^ (control) and mutant Axin2^CreERT2/+^; β-catenin^fl/del^ (β-cat KO) littermates that received tamoxifen at P56--P60. (Scale bar, 50 um.) (*F*) The percentages of Ki67^+^ ependymal cells out of total ependymal cells in control and KO animals. Control, *n* = 4; β-cat KO, *n* = 4. (*G*) The percentages of EdU^+^ ependymal cells out of total ependymal cells in control and KO animals. \**P* \< 0.05; \*\**P* \< 0.01.](pnas.1803297115fig05){#fig05}

Compared with age-matched controls, proliferation rates of ependymal calls in β-catenin knockout mice that received a tamoxifen injection at P16 were found to be significantly reduced as indicated by Ki67 immunostaining ([Fig. 5 *B* and *C*](#fig05){ref-type="fig"}). Similarly, ependymal cells showed slower rates of proliferation in β-catenin knockout mice when deletion was induced at P56, as both the percentage of Ki67^+^ ependymal cells and EdU^+^ ependymal cells were reduced in the knockouts compared with the controls ([Fig. 5 *E*--*G*](#fig05){ref-type="fig"}).

To test whether Wnt ligands are required for ependymal cell proliferation, we first took into consideration that the overlapping expression of multiple Wnt ligands by ependymal cells likely suggested functional redundancy. However, Wntless (Wls) is a Wnt-specific transporter molecule required for proper secretion of all Wnt ligands ([@r50]). We therefore conditionally deleted the *Wntless* gene in Axin2^+^ ependymal cells by injecting control mice (Axin2-Cre^ERT2/+^; Wls^fl/+^) and conditional knockout mice (Axin2-Cre^ERT2/+^; Wls ^fl/del^) with tamoxifen and analyzed the spinal cords after 80 d ([Fig. 6*A*](#fig06){ref-type="fig"}).

![Ependymal cell-derived Wnt proteins are required for ependymal cell proliferation and ependyma maintenance. (*A*) Experimental schedule used for Wntless conditional knockout experiments. (*B*) In situ hybridization against *Wntless* of the control and the Wls KO spinal cords. (Scale bar, 50 um.) (*C*) Representative Ki67 (red), Vimentin (green), and DAPI (blue) immunostaining images of spinal cords from control and Wls KO spinal cords. (Scale bar, 50 um.) (*D*) The numbers of total ependymal cells in control and Wls KO spinal cords. (*E*) The percentages of Ki67^+^ ependymal cells out of total ependymal cells in control and Wls KO animals. Control, *n* = 4; Wls KO, *n* = 4. \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001.](pnas.1803297115fig06){#fig06}

As shown by in situ hybridization, *Wls* expression in the ependymal cells of mutant mice was reduced compared with the controls, confirming *Wls* deletion in the mutant ependymal cells ([Fig. 6*B*](#fig06){ref-type="fig"}). Upon quantification of over 100 sections across multiple animals, we found that the number of Vimentin^+^ ependymal cells was significantly lower in Wls^fl/del^ mice ([Fig. 6 *C* and *D*](#fig06){ref-type="fig"}). This result suggested a proliferation defect in ependymal cells of the mutant mice and that ependymal cell-derived Wnt ligands are required to maintain the tissue integrity of the ependyma. Indeed, the percentage of Ki67^+^ ependymal cells in Wls^fl/del^ mice was significantly reduced compared with that of the controls ([Fig. 6*E*](#fig06){ref-type="fig"}). Our observations indicate that both Wnt ligands and β-catenin which are expressed in ependymal cells are required for promoting ependymal cell proliferation and maintaining ependymal tissue integrity.

Discussion {#s6}
==========

Our lineage tracing results demonstrate that, similar to the lateral ventricles of the brain, radial glial cells give rise to ependymal cells in the spinal cord ([@r25]). We demonstrate that dorsal midline neural progenitor cells are Wnt responsive throughout spinal cord development and give rise to ependymal cells in a spatially restricted pattern. Although the majority of embryonic radial glial cells have undergone terminal differentiation and retracted their radial processes by birth, we find that Wnt-responsive radial glial cells do not transform into ependymal cells until the first postnatal week and retain radial processes after the transformation. These dorsal ependymal cells are consistent with the previously described radial ependymal cells found at the dorsal and ventral poles, which are thought to represent the more progenitor-like population in the ependymal layer ([@r4], [@r51]). Contrary to previous reports, which suggested that all ependymal cells are derived from ventral neural progenitors ([@r23], [@r45]), our results highlight the previously unappreciated heterogeneity in the embryonic origin of these long-term progenitor cells of the adult spinal cord. Our model of ependymal cell generation is strikingly similar to the established segmental template model of astrocyte generation, where astrocytes are allocated to particular spatial domains following a segmental template in accordance with their embryonic sites of origin in the ventricular zone ([@r29], [@r46], [@r47]). Future experiments tracking the contribution of progenitors from different dorsal--ventral domains to the ependyma are needed to further test whether a segmental template model holds true for ependymal cell generation.

Compared with the developing spinal cord, relatively little is known about Wnt ligand expression in the adult spinal cord. Previous reports suggested that Wnt proteins are expressed in the adult spinal cord; however, cell-type-specific information was relatively lacking ([@r52], [@r53]). In this study, we show that Wnt/β-catenin signaling is activated in ependymal cells and is a key regulator of ependymal proliferation in the postnatal and adult spinal cord. Our work thus uncovers the functional significance of Wnt/β-catenin signaling in ependymal cell regulation. Although it was reported that Notch1 is expressed in the ependymal cells, its involvement in ependymal cell regulation during homeostasis has not been explored ([@r54]).

Building on the knowledge that ependymal cells proliferate at a basal level during adult homeostasis ([@r2], [@r4], [@r13], [@r14], [@r48]), we employed lineage tracing to monitor the turnover and clonal expansion of ependymal cells and revealed heterogeneity in proliferation among dorsal and ventral cells. We showed that overall, dorsal ependymal cells yielded larger clones, potentially suggesting that the dorsal ependymal population represents a progenitor subset of ependymal cells that proliferate at higher rates than other ependymal cells.

We hypothesize that the differences in proliferative potential of ependymal cells are cell intrinsic. We show that dorsal ependymal cells are derived from Wnt-responsive radial glial cells and are generated last among all ependymal cells. This unique, delayed, embryonic origin may endow them with a more progenitor-like state and a higher proliferative potential. Alternatively, asymmetric distribution of Wnt signaling activity, with higher dorsal versus ventral activity, may account for the difference in proliferative potential. Finally, opposing signals expressed in the ventral ependymal cells may counteract the mitogenic activity of Wnts. Interestingly, it has been reported that Sonic Hedgehog (Shh), expressed by ventral ependymal cells ([@r5], [@r55]), may exert an inhibitory effect on ventral cells. The counteracting signals from the dorsal and ventral ependymal zone therefore recapitulate the mitogen distribution in the embryonic ventricular zone, suggesting a continuity between the regulation of the adult progenitor zone and that of the early embryonic progenitor zone.

In a recent gene expression profiling study of ependymomas, CNS tumors derived from ependymal cells ([@r56], [@r57]), up-regulation of Wnt5a and Wnt11 was found to be associated with the highest grade of ependymomas. Moreover, additional genes of the Wnt pathway were also highly expressed or increased their expression, including *Frizzled*, *Disheveled*, *β-catenin*, *TCF3*, as well as Wnt target genes *BIRC5*, *CCND1*, *FOSL1*, *c-MYC*, and *TP53* ([@r58]). These findings further support our conclusion that Wnts are key regulators of ependymal proliferation and suggest that aberrant regulation of Wnt/β-catenin signaling may lead to uncontrolled proliferation of ependymal cells and formation of ependymomas.

Finally, many reports have highlighted the potential of spinal cord ependymal cells as a promising pool of quiescent stem cells to treat spinal cord injury ([@r11], [@r12], [@r15], [@r17], [@r59][@r60]--[@r61]). As a source of glial scar astrocytes with beneficial functions, it is important to augment or modulate their injury response to further improve the outcome. Our findings provide insights for utilizing the endogenous potential of these cells and for designing regenerative strategies that are based on appropriate modulation of endogenous signaling responses.

Materials and Methods {#s7}
=====================

Animals. {#s8}
--------

Axin2^CreERT2^ mice were previously described ([@r40]). Axin2-LacZ mice were a gift from W. Birchmeier, Max Delbruck Center for Molecular Medicine, Berlin ([@r62]). Rosa26^mTmG^ mice ([@r41]), β-catenin^ex2-6-fl^ mice ([@r49]), and TCF/Lef:H2B-GFP mice, where six binding sites for TCF/Lef are used to drive expression of the H2B-GFP cassette in the cell nucleus ([@r63]), were obtained from The Jackson Laboratory. β-Catenin^ex2-6-del^ mice, in which the β-catenin gene has been deleted ubiquitously, were generated by crossing β-catenin^ex2-6-fl^ mice with Vasa-Cre mice. All experiments were approved by the Stanford University Animal Care and Use Committee and performed according to NIH guidelines.

Immunostaining. {#s9}
---------------

For embryos and early postnatal mice, the spinal column containing the spinal cord was dissected and fixed in 4% (wt/vol) paraformaldehyde in PBS at 4 °C overnight. The tissue was then washed in PBS, incubated in 30% sucrose solution in PBS for 48 h at 4 °C, and embedded in optimal cutting temperature compound (OCT). The spinal cord of adult mice was fixed through intracardial perfusion for 10 min at room temperature with 4% (wt/vol) paraformaldehyde in PBS. The spinal column containing the spinal cord was then postfixed in 4% (wt/vol) paraformaldehyde in PBS at 4 °C overnight. The spinal cord was removed from the spinal column and incubated in 30% sucrose solution in PBS for 48 h at 4 °C and embedded in OCT. Frozen samples were sectioned at 12 μm using CryoJane (Leica Microsystems). Cryosections were incubated in blocking buffer \[10% (vol/vol) normal donkey serum, 0.2% Triton X-100 in PBS\] at room temperature and stained with primary and secondary antibodies, then mounted in Prolong Gold with DAPI mounting medium (Life Technologies). The primary antibodies used were chicken anti-GFP (1:1,000; Abcam), rat anti-Ki67 (1:200; eBioscience), and chicken anti-Vimentin (1:500; Millipore). For EdU staining, cryosections were incubated with the Click-iT EdU Alexa Fluor 647 Imaging Kit (Life Technologies) prepared according to manufacturer's instructions and mounted in Prolong Gold with DAPI mounting medium (Life Technologies).

X-Gal Staining. {#s10}
---------------

For embryos and early postnatal mice, the spinal column containing the spinal cord was dissected and fixed in 1% (wt/vol) paraformaldehyde in PBS at 4 °C overnight. The tissue was then washed in PBS, incubated in 30% sucrose solution in PBS for 48 h at 4 °C, and embedded in OCT. The spinal cord of adult mice was fixed through intracardial perfusion for 10 min at room temperature with 4% (wt/vol) paraformaldehyde in PBS. The spinal column containing spinal cord was then postfixed in 1% (wt/vol) paraformaldehyde in PBS at 4C overnight. Spinal cord was dissected from the spinal column, washed in PBS, incubated in 30% sucrose solution in PBS for 48 h at 4 °C, and embedded in OCT.

Frozen samples were sectioned at 12 μm using CryoJane (Leica Microsystems) and postfixed with 0.1% (wt/vol) paraformaldehyde on ice, washed in detergent rinse (PBS with 2 mM MgCl~2~ 0.01% sodium deoxycholate, and 0.02% Nonidet P-40) and stained in staining solution (PBS with 2 mM MgCl~2~, 0.01% sodium deoxycholate, 0.02% Nonidet P-40, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 1 mg/mL X-gal) in a dark room at room temperature overnight. Sections were then washed and counterstained with Nuclear Fast Red (Vector Laboratories), followed by dehydration sequentially with an ethanol gradient (50%, 70%, 90%, and 100%).

RNA in Situ Hybridization. {#s11}
--------------------------

Tissues were fixed in 10% (vol/vol) neutral buffered formalin at room temperature for 24 h, dehydrated, and embedded in paraffin. Tissue sections cut at 5-µm thickness were processed for RNA in situ detection using the RNAscope 2.5 HD Assay-RED Kit according to the manufacturer's instructions (ACDBio) ([@r64]). Sequences of the probes used in the study are as follows: Axin2 (NM_015732, 330--1287), Wnt1 (NM_021279.4, 1204--2325), Wnt3a (NM_009522.2, 667--1634), Wnt5a (NM_009524.3, 200--1431), Wnt11 (NM_009519.2, 818--1643), and Wls (NM_026582.4, 500--1477).

Microscopy and Imaging. {#s12}
-----------------------

Fluorescent and bright-field images were obtained using a Leica SP8 confocal microscope and a Zeiss Axio Imager Z2.

Lineage Tracing Studies. {#s13}
------------------------

All mice received i.p. injection of 5--20 mg/mL stock solutions of tamoxifen (Sigma) dissolved in corn oil/10% (vol/vol) ethanol, corresponding to specific doses per gram of body weight as specified below. Female mice pregnant with Axin2-Cre^ERT2/+^ R26R^mTmG/+^ embryos were injected with a single dose of tamoxifen at a dosage of 0.5 mg/25 g of the mother's body weight. Four-day (P4) and 2-mo-old (P56) mice received a single dose of tamoxifen, totaling 4 mg/25 g body weight. Control mice were injected with the filtered corn oil/ethanol vehicle only.

Conditional Knockout of β-Catenin. {#s14}
----------------------------------

Control Axin2^CreERT2/+^; β-catenin ^fl/+^ mice and mutant Axin2^CreERT2/+^; β-catenin ^fl/del^ mice either received one dose of tamoxifen corresponding to 4 mg/25 g body weight on P16 and were analyzed at P25, or received three doses of tamoxifen corresponding to 4 mg/25 g body weight at P56--P60 every other day, and were analyzed 4 wk after, as this regimen was previously found by our laboratory to sufficiently induce β-catenin knockout driven by Axin2^CreERT2/+^ ([@r65]). With mice that received tamoxifen or vehicle control at P56--P60, four daily doses of EdU were administered before animals were killed.

Conditional Knockout of Wntless. {#s15}
--------------------------------

Control Axin2-Cre^ERT2/+^; Wls^fl/+^ mice and mutant Axin2-Cre^ERT2/+^; Wls ^fl/del^ mice received four doses of tamoxifen corresponding to 4 mg/25 g body weight every other day from P56 to P62. Spinal cords were harvested and processed 80 d after the last injection.

Statistical Analysis. {#s16}
---------------------

All statistical analyses were performed using the Student's *t* test using GraphPad Prism 6 software. Results are presented as mean ± SEM. Statistical significance was set at \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.
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